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ABSTRACT The New Delhi metallo-B-lactamase-1 (NDM-1) enzyme is the most
common metallo-B-lactamase identified in many Gram-negative bacteria causing se-
vere nosocomial infections. The aim of this study was to focus the attention on non-
active-site residues L209 and Y229 of NDM-1 and to investigate their role in the cat-
alytic mechanism. Specifically, the effect of the Y229W substitution in the L209F
variant was evaluated by antimicrobial susceptibility testing, kinetic, and molecular
dynamic (MD) studies. The Y229W single mutant and L209F-Y229W double mutant
were generated by site-directed mutagenesis. The K, k.. and k./K,, kinetic con-
stants, calculated for the two mutants, were compared with those of (wild-type)
NDM-1 and the L209F variant. Compared to the L209F single mutant, the L209F-
Y229W double mutant showed a remarkable increase in k., values of 100-, 240-,
250-, and 420-fold for imipenem, meropenem, benzylpenicillin, and cefepime, re-
spectively. In the L209F-Y229W enzyme, we observed a remarkable increase in
kea/K,,, of 370-, 140-, and 80-fold for cefepime, meropenem, and cefazolin, respec-
tively. The same behavior was noted using the antimicrobial susceptibility test. MD
simulations were carried out on both L209F and L209F-Y229W enzymes complexed
with benzylpenicillin, focusing attention on the overall mechanical features and on
the differences between the two systems. With respect to the L209F variant, the
L209F-Y229W double mutant showed mechanical stabilization of loop 10 and the
N-terminal region. In addition, Y229W substitution destabilized both the C-terminal
region and the region from residues 149 to 154. The epistatic effect of the Y229W
mutation jointly with the stabilization of loop 10 led to a better catalytic efficiency
of B-lactams. NDM numbering is used in order to facilitate the comparison with
other NDM-1 studies.

KEYWORDS NDM, enzyme kinetics, metallo-B-lactamases

etallo-B-lactamases (MBLs) are zinc-dependent enzymes which represent the

newest generation of broad-spectrum B-lactamases able to inactivate almost all
classes of B-lactams. Based on their protein sequence similarities, three different
lineages have been characterized, subclasses B1, B2, and B3 (1). Among subclass B1,
New Delhi metallo-B-lactamase-1 (NDM-1) is one of the most diffused carbapenemases.
This feature is due to its ability to hydrolyze all B-lactams (with the exception of
monobactams), including the last-resort carbapenems. The prevalence of NDM produc-
ers was detected mainly in China and India but also in many European countries (2).
NDM-1 was first identified in a multidrug-resistant Klebsiella pneumoniae strain isolated
from a Swedish patient (3). To date, NDM-1 and its variants have been found in
Enterobacteriaceae, including Escherichia coli, Proteus mirabilis, K. pneumoniae, and
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Citrobacter koseri (4-7), as well as in nonfermenters such as Pseudomonas aeruginosa
and Acinetobacter baumannii (8). Generally, these bacteria are highly resistant to several
classes of antibiotics, including carbapenems, fluoroquinolones, and aminoglycosides
(9, 10). The rapid spread of NDM-1 and NDM-1 variants is the result of the association
of blaypn genes in complex mobile elements with successful plasmid scaffolds (11-13).
The worldwide dissemination of NDM-producing Enterobacteriaceae is also linked to
the huge reservoir represented by Indian subcontinent and Balkan countries (14).
However, the clinical success of NDM enzymes is attributed as well to the fact that
NDM-1, in Gram-negative bacteria, is a lipidated membrane-anchored enzyme (15). In
fact, in these bacteria, NDM-1 is secreted in outer membrane vesicles, which increases
the stability of the enzyme (15). The blay o, genes have evolved over time, and 21 NDM
variants, differing from each other by a few amino acids, have been identified. In clinical
isolates, the most frequent amino acid substitution found in NDM variants is M154L,
present in a single or double mutant (NDM-4, NDM-5, NDM-7, NDM-8, NDM-12,
NDM-13, and NDM-15). In many variants, D130 is replaced by a residue of asparagine
(NDM-7) or glycine (NDM-8 and NDM-14) also in combination with M154L (NDM-7 and
NDM-8). Single substitutions P28A, D95N, A233V, and R264H are present in NDM-2,
NDM-3, NDM-6, and NDM-16, respectively (16, 17).

NDM-1 is a subclass B1 metallo-B-lactamase that works with two zinc ions for
catalysis. The two zinc ions are coordinated by six conserved residues and one water
molecule or hydroxide moiety (18). The Zn1 ligands are H120 (H116), H122 (H118), and
H189 (H196), and the Zn2 ligands are D124 (D120), C208 (C221), and H250 (H263) (BBL
numbering in parentheses). The active site of NDM-1 is a hydrophobic cavity which
includes five loops playing an important role in the coordination of zinc ions, stability,
and substrate binding of the enzyme. Two loops, loop 3 (roughly residues M67 to G73)
and loop 10 (roughly residues 1210 to A230) are able to correctly orient substrates
within the active site (19-22). However, to make possible substrate hydrolysis, the
active site needs both stability and flexibility. Residues within loop 6 and loop 10 are
involved in the flexibility of the NDM-1 active site (19). Specifically, Y229 (Y244 in BBL
numbering) and K125 (K121 in BBL numbering) residues play an important role in
stabilizing loop 10 and loop 6, respectively (19). W229 is generally found in subclass B1
MBLs, such as VIM-2, VIM-4, Bcll, and IMP-1. In NDM-1, residue Y229 is not in direct
contact with substrate or zinc ions; however, the Y229W substitution results in a more
active enzyme (23). Especially, Y229 forms hydrophobic contacts with several amino
acids, including L209, which forms also hydrogen bonds with the aforementioned
residue (23). The replacement of L209F causes a drastic reduction in B-lactamase
activity toward penicillins, cephalosporins, and carbapenems (24). The aim of the
present study was to evaluate, by kinetic analysis and molecular dynamic (MD) simu-
lations, the effect of the Y229W substitution on the L209F variant. NDM numbering is
used through the paper in order to facilitate the comparison with other NDM-1 studies.

RESULTS

Site-directed mutagenesis and antimicrobial susceptibility testing. Y229W and
L209F-Y229W mutants were generated by site-directed mutagenesis using pFM-NDM-1
(25) and pET-24-L209F plasmids (20) as the templates, respectively. In order to obtain
a large amount of these enzymes, both mutated genes (blay,,ow and bla, 500 v220w)s
without signal peptide, were cloned into pET-24a(+) vector. First, the antimicrobial
susceptibilities of the four enzymatic systems (NDM-1, L2019F, Y229W, and L209F-
Y229W) were investigated versus a large panel of B-lactams (Table 1). MIC data
obtained for E. coli/pET-24-Y229W and E. coli/pET-24-L209F-Y229W were compared
with those of E. coli/pET-24-NDM-1 and E. coli/pET-24-L209F. As with NDM-1 and L209F
mutant enzymes, the Y229W mutation confers resistance to all B-lactams tested, with
the exception of cefoxitin (MIC, 8 uwg/ml). Similarly, E. coli/pET-24-L209F-Y229W was
resistant to all B-lactams, with MIC values slightly lower than those observed for E.
coli/pET-24-NDM-1 and E. coli/pET-24-Y229W. Compared with E. coli/pET-24-NDM-1, the
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TABLE 1 Antimicrobial susceptibilities of E. coli BL21(DE3)-CodonPlus carrying blaypm.1, blanom-1200r Ol0npm-y220w: @aNd blA oML 200F-v220w

MIC (mg/ml) by E. coli strain

B-Lactam E. coli/pET-24 NDM-1 E. coli/pET-24 L209F E. coli/pET-24 Y229W E. coli/pET-24 L209F-Y229W E. coli/pET-24
Imipenem >64 0.25 >64 64 0.5
Meropenem >64 <0.0625 >64 >64 0.5

Cefazolin >128 4 >128 64 <0.0625
Cefotaxime 128 1 >128 32 <0.0625
Ceftazidime >128 16 >128 32 <0.0625
Cefoxitin 8 8 8 4 0.125
Cefepime 32 <0.0625 16 16 <0.0625
Benzylpenicillin >256 64 >256 >256 0.5
Carbenicillin >256 64 >256 128 0.5

E. coli/pET-24-L209F strain showed susceptibility to carbapenems and cephalosporins,
and it was resistant only to benzylpenicillin and carbenicillin.

Kinetic analysis of Y229W and L209F-Y229W enzymes. The Y229W (single mu-
tant) and L209F-Y229W (double mutant) enzymes were purified (>95% pure) and used
to determine the steady-state kinetic parameters toward several B-lactams. Table 2
shows the K,,,, k., and k_,/K,,, values for the NDM-1, L209F, Y229W, and L209F-Y229W
enzymes. Kinetic data reported for NDM-1 (25, 26) and L209F (24) enzymes were from
our previous studies. Compared with NDM-1, the Y229W single mutant showed a
remarkable increase in k_,, values for benzylpenicillin, carbenicillin, meropenem, and
cefazolin but not for imipenem and cefepime. For all B-lactams reported, in the case of
Y229W mutant, the K, values were higher than that calculated for NDM-1. Indeed,
K.a/K,,, values for imipenem and cefepime were 4- and 18-fold lower than that of
NDM-1 due to a reduction of k_,, and an increase in K, values. Regarding imipenem,
the Y229W mutant showed k_,, and k.,/K,,, values lower than those of NDM-1. On the
contrary, meropenem exhibited k., and k.,/K,,, values 11- and 3-fold higher than that
of NDM-1. With respect to the NDM-1 wild type, the Y229W mutant showed an increase
in k.. and k./K,, values for cefazolin. Concerning cefepime, the Y229W mutant
exhibited lower k_,, value but higher k.,./K,,, values than those for NDM-1 (Table 2). In
the L209F mutant, a drastic reduction in activity toward penicillins, cefazolin, and
carbapenems was measured (24). The K,,, values of L209F-Y229W for penicillins were
higher than that of L209F single mutant but comparable to the values calculated for
NDM-1. The L209F-Y229W mutant showed k_,, values higher than those calculated for
L209F and, in the case of benzylpenicillin and meropenem, even higher than those of
NDM-1. Indeed, k., values for carbenicillin and benzylpenicillin increased 70- and
250-fold, respectively. The catalytic efficiencies of the L209F-Y229W double mutant for
carbenicillin and benzylpenicillin were similar to those of NDM-1 but about 5-fold
higher than those for the L209F variant (Table 3). Concerning imipenem, the K,,, values
were about 3-fold higher than those calculated for NDM-1 and the L209F mutant. In

TABLE 2 Determination of kinetic parameters of NDM-1, L209F, Y229W, and L209F-Y229W enzymes

Values by enzyme?

NDM-1% L209F mutant© Y229W mutant? L209F-Y229W mutant9
kcat kcat/Km kcat kcat/Km kcat kcat/Km kcat kcat/Km

Substrate Kn (M) (s77) (pM~'s77) K, (uM) (s77) (uM~Ts™T) K, (uM) (s71) (uM~1s7T) K, (uM) (s77)  (uM~Ts7T)
Benzylpenicillin 210 =15 105 0.42 7+05 1.00 0.4 841 35 552+*5 0.66 378 £20 250 =4 0.66
Carbenicillin 2855 108 0.38 203 140 0.07 1,219 £ 200 1,258 =8 1.03 28516 942 033
Cefazolin 201 42 2.10 16+2 034 0.021 48 +2 1914 398 15+1 251 166
Imipenem 35+1 64 1.83 33+x5 055 0.017 813 38+1 0.47 1209 55*3 046
Meropenem 802 75 0.94 501 086 0.017 259+ 18 8206 3.17 88*+4 2087 236
Cefepime 325 13 037 99*+3 0019 19X10°* 117+8 25+02 0.02 1137 8%=05 0.07

atach kinetic value represents the mean of the results of three different measurements; the error rate was below 10%.

bData from Marcoccia et al. (24-26).
Data from Marcoccia et al. (24).
dData from this study.
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TABLE 3k, and k_,/K,, ratio calculated for L209F-Y229W double mutant versus L209F
mutant enzyme

k.. ratio for L209F-Y229W k../K., ratio for L209F-Y229W
Substrate mutant vs L209F mutant mutant vs L209F mutant
Benzylpenicillin 250 5
Carbenicillin 70 5
Imipenem 100 27
Meropenem 240 140
Cefazolin 75 80
Cefepime 420 370

Table 3, we compared the k.., and k_,/K,, values of the L209F-Y229W mutant versus
the L209F mutant. A remarkable increase in these values was observed in all B-lactams
tested. In particular, compared to the L209F mutant, the L209F-Y229W double mutant
showed for imipenem and meropenem increases of about 100- and 240-fold in the k_,,
values and 27- and 140-fold in the k_,/K,, values, respectively.

Molecular dynamic simulations. The identification of the key factors at the mo-
lecular level of the positive effects of the Y229W substitution in the L209F mutant
enzyme is a prohibitive task from a computational point of view. In fact, the complexity
of the enzyme systems is too high to reduce the experimental observation (i.e., the
result of many events distributed in huge time and space domain at atomistic level) to
a single and point-like origin. For this reason, we performed molecular dynamics (MD)
simulations on the L209F and L209F-Y229W enzymes complexed with benzylpenicillin,
focusing attention on the overall mechanical features and on the differences between
the two systems. In Fig. 1, a comparison of Ca root mean square fluctuation (RMSF) of
the two complexed enzymes is depicted. The RMSF pattern is not dramatically different
in the systems, indicating that, as expected, both of the enzymes maintain the overall
structural features without undergoing unfolding processes at least within the 100.0-ns
simulations. At the same time, three sharp and important differences were observed. In
particular, the L209F-Y229W double mutant compared to the L209F mutant revealed (i)
mechanical destabilization (i.e., RMSF increase) of the region 149 to 154, (ii) mechanical
stabilization (i.e, RMSF decrease) of the loop 10 and N-terminal regions, and (iii)
mechanical destabilization of the C-terminal region. These mechanical differences,
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FIG 1 Comparison of the Ca root mean square fluctuation (RMSF) of the L209F-Y229W mutant (black)
with that of the L209F mutant (red).
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concerning crucial regions of the enzymes, could be related to what was observed
experimentally. Subsequently, we have undergone a more detailed analysis of the local
interactions experienced by the residues F209 and W229 in both mutants (L209F and
L209F-Y229W). This analysis does not reveal dramatic differences. In fact, in the
L209F-Y229W enzyme, the contacts appear, within the margin of error, similar to those
of the L209F mutant. However, we also observe a systematic increase in the standard
deviation, indicating that Y229W replacement induces a local mechanical stabilization
also in the region near the 209 residue.

DISCUSSION

In the present paper, we have investigated by molecular dynamics and kinetic
studies the interaction between residues 209 and 229 in New Delhi metallo-g-
lactamase 1 and their involvement in hydrolytic activity. Leucine 209 in NDM-1 is
located in loop 10, in the “second-sphere residues” outside the active site of the
enzyme. Residue 209 is positioned just before Zn2 binding ligand C208 (C221 in BBL
numbering). Crystal studies on NDM-1 have established that L209 forms hydrophobic
interactions with the Y229 residue (18-23). In addition, the Y229 residue plays an
important role in loop 10 stability, forming hydrophobic interactions not only with L209
but also with neighboring residues, such as L269, L218, and L221. These hydrophobic
interactions contribute to stabilization and orientation of loop 10 with respect to the
C-terminal B-sheet (23). In our previous paper, we showed that the L209F substitution
in an NDM-1 leads to a drastic reduction in k.., and k.,/K,,, values toward carbapenems
(imipenem and meropenem), penicillins, and cephalosporins (24). In the case of the
L209F mutant, we have demonstrated that the presence of F209 perturbs the interac-
tions of this residue with neighboring residues, and a major fluctuation of loop 10 was
observed with respect to NDM-1 (24). In particular, in the NDM-1 enzyme, the L209
residue interacts with Y229 by hydrogen bonds. Differently from other subclass B1
MBLs, which have tryptophan at position 229, NDM-1 employs a tyrosine residue. Chen
et al. demonstrated that the Y229W substitution in NDM-1 improves the catalytic
efficiency toward some B-lactams, especially benzylpenicillin, cefuroxime, and mero-
penem (23). Herein, we generated a double mutant of the NDM-1 enzyme, L209F-
Y229W, to verify our hypothesis that the addition of the Y229W substitution could be
able to restore the hydrolytic activity of the L209F mutant enzyme. In order to
investigate the effect of Y229W replacement in the L209F enzyme, kinetic analysis and
molecular dynamics simulations have been performed. Our results showed that the
replacement Y229W changes substantially the kinetic behavior of the L209F enzyme.
Compared with L209F, in the L209F-Y229W enzyme, we observed a remarkable increase
in k., values of 100-, 240-, 250-, and 420-fold for imipenem, meropenem, benzylpen-
icillin, and cefepime, respectively. The K,,, values for benzylpenicillin and carbenicillin
calculated for the double mutant were 54- and 14-fold higher than that of L209F but
similar to that for NDM-1. Compared to the L209F mutant, the L209F-Y229W double
mutant seems to have lower affinity for penicillins. When introduced into the L209F
single mutant, the Y229W mutation was able to restore the activity of the enzyme that
showed high catalytic efficiency values. This is particularly true for cefepime, mero-
penem, and cefazolin, to which we observed an increase in k., /K,, values of 370-, 140-,
and 80-fold, respectively. Molecular dynamics simulations were performed on the
L209F and L209F-Y229W mutants, complexed with benzylpenicillin, in order to observe
structural and dynamic differences induced by amino acid substitutions. The enzyme
internal mobility, based on root mean square fluctuation (RMSF), is characterized by
fluctuations in different regions, including the loop 10, N-terminal, C-terminal, and 149
to 154 regions. An evident effect was observed at loop 10. Compared to the single
mutant, the L209F-Y229W double mutant showed a decrease in RMSF peak resulting in
better mechanical stabilization of loop 10. Fluctuations observed in the two enzymes
complexed with benzylpenicillin could probably affect the affinity (K, values) versus
some B-lactams. In the L209F-Y229W double mutant, we noticed a decrease in RMSF
peak in loop 10 (residues F209 to A230), resulting in better mechanical stabilization of

April 2019 Volume 63 Issue 4 €02270-18

Antimicrobial Agents and Chemotherapy

aac.asm.org 5


https://aac.asm.org

Piccirilli et al.

loop 10. Undoubtedly, these fluctuations could perturb the zinc ion geometry, resulting
in an improvement in hydrolytic activity. In a recent paper, Zhang and coworkers
demonstrated that the modulation of Zn1-to-Zn2 distance affects the enzymatic activ-
ity of NDM-1 (27). In particular, they have been underlined that a bigger fluctuation of
the active site corresponds to a shorter distance between Zn1 and Zn2, favoring higher
enzymatic activity. However, the mechanism through which NDM-1 hydrolyzes sub-
strate is complex. As demonstrated by several authors, the enzyme-substrate reaction
proceeds by almost two reactive intermediates (28, 29). In MBLs, the main “protagonist”
of substrate binding is Zn2. We speculate that the enhancement of enzymatic activity
of the L209F-Y229W double mutant with respect to the L209F mutant enzyme could be
due to fluctuations generated in non-active-site regions, which might modify the
Zn1-to-Zn2 distance and the reactivity of Zn2.

Moreover, the enhancement of the hydrolytic activity of the L209F-Y229W mutant
could be also attributable to the epistatic effect of the Y229W mutation that involved
enzyme catalysis. The epistatic effect of some mutations was also ascertained in the Bcll
enzyme (30, 31). Compared to NDM-1, the L209F mutation leads to a decrease in
activity; on the contrary, the Y229W single mutant showed an increase in catalytic
efficiency toward penicillins, cefazolin, and meropenem but not for imipenem and
cefepime. The interaction of F209 and W229 not only restored the activity of the
enzyme (double mutant) but, in the case of benzylpenicillin and meropenem, the
L209F-Y229W mutant showed an increase in k.,, and k_,/K,, parameters with respect
to NDM-1. The Y229W mutation is responsible for a large increase in catalytic efficiency.
A noteworthy increase in resistance versus all B-lactams tested was observed in E.
coli/pET-24-L209F-Y229W with respect to E. coli/pET-24-L209F. Specifically, in the
L209F-Y229W mutant, an increase of MIC values was observed, in particular, for
meropenem and cefepime. In conclusion, we stated that several both loop fluctuations
and the epistatic effect of the Y229W mutation could have contributed to the resto-
ration of B-lactam activity in the L209F mutant enzyme.

MATERIALS AND METHODS

Site-directed mutagenesis and cloning. The NDM-1 Y229W and L209F-Y229W mutants were
generated by site-directed mutagenesis (32) from pFM-NDM-1 and pET-24-L209F, which contain blayp,
without N-terminal lipidation signal (first 35 amino acids) (24, 25). In order to amplify the entire gene, the
NDM_for (5'-GGGGGCATATGGGTGAAATCCGCCCGA) and NDM_rev (5'-GGGGGCTCGAGTCAGCGCAGCT
TGTCGGC) primers were used (restriction site sequences are in bold). For site-directed mutagenesis, the
Y229W_for (5'-ACTGAGCACTGGGCCGCGTCA) and Y229W_rev (5'-TGACGCGGCCCAGTGCTCAGT) primers
were used (the mutated sequence is underlined). DNA sequences coding for NDM variants were cloned
into the pET-24a(+) overexpression vector digested with Ndel and Xhol restriction enzymes. The
authenticity of NDM variants was confirmed by sequencing recombinant plasmids using an automated
sequencer (ABI Prism 3500; Life Technologies, Monza, Italy). The E. coli NovaBlue strain was used for the
initial cloning as a nonexpression host. The E. coli BL21(DE3)-CodonPlus strain was used for overexpres-
sion of the blayp,, mutants.

Expression and purification of Y229W and L209F-Y229W enzymes. E. coli BL21(DE3)-CodonPlus
cells harboring blay,,q, and bla, ,oeev»20n Were grown in 1 liter of tryptic soy broth (TSB) medium with
50 wg/ml kanamycin at 37°C in an orbital shaker (180 rpm). Each culture was grown to achieve an Aq,,
of approximately 0.5, and 0.4 mM isopropyl-B-p-thiogalactoside (IPTG) was added. After the addition of
IPTG, the cultures were incubated for 16 h at 22°C under aerobic conditions. Cells were harvested by
centrifugation at 8,000 rpm for 10 min at 4°C and washed twice with 25 mM Tris-HCI buffer (pH 7.6)
(buffer A). Crude enzymes were obtained by sonication in ice (5 cycles at 60 W with 2 min of break). The
lysate was centrifuged at 22,000 rpm for 60 min, and the cleared supernatant was recovered and loaded
onto a Q Sepharose Fast Flow column equilibrated with buffer A. The column was extensively washed
to remove unbound proteins, and the metallo-B-lactamase was eluted with a linear gradient of 25 mM
Tris-HCI (pH 7.6) plus 1 M NaCl (buffer B). The fractions containing B-lactamase activity were pooled,
concentrated 20-fold using an Amicon concentrator (YM 10 membrane; Millipore, Bedford, MA, USA),
dialyzed in 30 mM morpholineethanesulfonic acid (MES [pH 5.9]), and loaded onto a Mono S column
equilibrated with the same buffer. The active fractions were collected during the elution process and
then dialyzed in 20 mM HEPES buffer (pH 7.0) for kinetic experiments.

Antibiotics. Meropenem was obtained from AstraZeneca (Milan, Italy). Imipenem was obtained from
Merck Sharp & Dohme (Rome, Italy). The other antimicrobial agents used in this study were purchased
from Sigma-Aldrich (Milan, Italy). The molar extinction coefficients and wavelengths used in the assay
were imipenem Ae;o,, —9,000M~'cm~'; meropenem Ag,,, —6,500M~Tcm~; cefepime Ag,g,,
—10,000 M~"cm~"; cefazolin Ae,g,, —7,400 M~"cm~"; carbenicillin Ae,55, —780M~"cm~"; and ben-
zylpenicillin Ag,55, —775M~Tcm~ .
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Determination of kinetic parameters. Steady-state kinetic experiments were performed following
the hydrolysis of the B-lactams at 25°C in HEPES 20 mM (pH 7.0) plus 20 uM ZnCl,. The data were
collected with a Lambda 25 spectrophotometer (PerkinElmer Italia, Monza, Italy). Kinetic parameters were
determined under initial-rate conditions using the GraphPad Prism 6 software to generate Michaelis-
Menten curves or by analyzing the complete hydrolysis time courses (33, 34). Each kinetic value
represents the mean of the results from three different measurements; the error rate was below 10%. To

ot Values, we used the theoretical molecular weight of 25,605.87 Da, assuming cleavage of

signal peptide at residue G29 (G24 according to BBL standard numbering), as predicted from SignalP 4.0
(35).
Antimicrobial susceptibility. The phenotypic profile has been characterized by a microdilution
method using a bacterial inoculum of 5 X 10° CFU/ml according to Clinical and Laboratory Standards
Institute (CLSI) performance standards (36). The E. coli BL21(DE3)-CodonPlus strains used for MIC
experiments were those with recombinant plasmids without signal peptide. Resistance breakpoints were
determined according to CLSI guidelines (37).
Computational details. All the simulations were carried out using the Gromacs package, version
4.5.5 (38). The charges of the substrate (benzylpenicillin) and active site were calculated using standard
fitting procedures with the program Gaussian 09 (39). For the simulations, the enzyme was inserted in
a cubic box filled with 7,965 molecules of water described with the simple point charge (spc) model (40).
The dimensions of the box were adjusted to correctly reproduce the density of the system at 298 K and
10° Pa of pressure, as previously described (41). The simulations were performed in the NVT ensemble
and extended for 100.0 ns.
A time step of 2.0 fs was employed in conjunction with a standard protocol, where after an initial
energy minimization, the system was gradually heated from 50 to 250K using short (20-ps) MD
simulations. Finally, a further preequilibration of the system, arrived at 298 K, was carried out by running
5.0 ns of MD simulation in all the systems. Note that all these equilibration trajectories were only utilized
for obtaining the initial configuration and hence disregarded by the following analysis. The temperature
was kept constant using the velocity rescaling procedure. The LINCS algorithm was employed to
constrain all bond lengths (42). Long-range electrostatic interactions were computed by the Particle
mesh Ewald method with 34 wave vectors in each dimension and a fourth-order cubic interpolation, and
a cutoff 1.1 nm was used (43).
The starting coordinates of the simulations were obtained by modifying the crystal structure of
NDM-1 coordinated to hydrolyzed benzylpenicillin (here termed BzP) taken from the Protein Data Bank
(PDB ID 4EYF) (20, 44). Based on previous experimental and computational studies (20), we explicitly
bound the BzP carbonyl group to Zn1 and the BzP amide nitrogen and carboxylate group to Zn2. The
mutants were obtained with the program Molden (45).
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